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Strength degradation and crack propagation in Al 2o3 
are shown to depend on the initial strength and porosity 
of the material. Specimens were fabricated containing 
between 0 and 5% induced cylindrical, two dimensional, 
and spherical porosity. The strengths of the various 
porosity samples decreased discontinuously at a critical 
quenching temperature. No difference was observed in 
the critical temperature for the various aluminas; 
initial strength decrease occurred between 165°C and 
175°C temperature differential. The strength retained 
after thermal shock decreased with increasing initial 
strength. The degree of damage sustained upon shocking 
was also characterized by crack density and crack depth 
measurements. The crack density increases with increasing 
severity of shock. The crack density is shown to increase 
with increasing porosity. 
increasing porosity. 
Crack depth decreases with 
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When a ceramic material is subjected to a rapid 
change in temperature (thermal shock) substantial stresses 
develop. Resistance to fracture or weakening under such 
conditions has classically been called thermal shock 
resistance. 
In the past, the basic approach to thermal shock 
studies has been to measure the mechanical properties which 
affect nucleation of fracture, and to deduce a resistance 
factor from these measurements. This approach is solely 
concerned with the temperature differential required to 
initiate fracture. More recent studies have been concerned 
with the degree of damage sustained by a ceramic body from 
thermal shocking. 
The major factors affecting the physical properties of 
ceramic materials are the number, size and nature of the 
pore spaces almost always present. This investigation was 
undertaken to evaluate the effect of pore size, shape and 
concentration on the damage sustained by thermally shocked 
aluminas. Initial damage was assessed by strength measure-
ments; crack density, crack depth and strength measurements 
were used to assess and characterize the damage sustained 
upon thermal shocking. 
2. 
II. REVIEW OF LITERATURE 
More than one hundred years ago, the first equations 
relating to thermal stress and thermal failure were derived 
by Duhanel (1838). 1 Recent treatments of thermal failure 
have taken two basic approaches. A more or less classical 
approach uses thermoelastic theory and assumes that 
catastrophic thermal failure is equivalent to crack 
initiation. The current approach treats the damage 
sustained after thermal shock and is based upon an energy 
balance. 
A. Thermal Failure Resistance 
The theory concerning the severity of the shock 
to initiate fracture during cooling is well established. 2 
It assumes that totally damaging cracks are nucleated when 
the thermal stresses reach the fracture stress under the 
shock condition. The critical stress needed to cause 
fracture is given by: 
0 th = 
where E = Young's Modulus 
AE!).Ta. 
(1-v) 
a. = the coefficient of thermal expansion 
~T = the temperature differential 
v = Poisson's ratio. 
A is a function of Biot's Modulus (S = ah/k), O<A<l 
where a = the half width 
(1) 
h = the heat transfer coefficient between the 
body and the quenching medium 
k = the thermal conductivity of the body. 
The Biot Modulus gives the relative magnitude of 
3. 
internal and external resistance to heat transfer. For 
relative high values of the Biot Modulus, the surface 
temperature of a solid is very close to the surrounding 
fluid temperature. For an infinitely fast quench, the 
maximum tensile surface stress is developed instantaneously; 
consequently, A is equal to unity. For less severe 
quenches, the maximum stress builds up in finite time, 
and A is less than unity. The above equation can be 
manipulated to give the ~T required for crack initiation 
relating the differential to two thermal failure 
resistance parameters, Rand R'. For the case of rapid 
heat transfer, where maximum stress is developed 
instantaneously, 
R = cr(l-v) 
Ea. 
In the case of slower heat transfer, 
R' = cr(l-v)k 
Ea. 
Both these parameters give numerical values relating to 
the severity of thermal shock that can be withstood 
without crack formation. 
(2) 
(3) 
The stress developed in a thermally shocked sample 
is dependent upon the temperature distribution within 
the body. Kinge~y3 has considered the thermal stresses 
resulting from four different heat transfer conditions 
in terms of the ~T required for crack initiation. 
1. Unsteady State (h Infinite) 
Here the surface temperature is changed instantly 
to T but the average temperature of the sample is at 
0 
4 . 
first unchanged. The stress developed at the surface of 
a sphere is shown to be: 
0 = 
Ea ~T 
(1-v) or ~T = R. 
The stress needed to cause fracture is dependent upon 
the size and shape of the specimen. The ~T required to 
initiate fracture may then be written as: 
~T = R•S 
where S is a shape factor taking into account both size 
and shape. 
2. Unsteady State (h Constant) 
This case approximates many practical cases. The 
maximum temperature difference is given by: 






3. Steady State 
The steady state temperature difference depends 
upon the thermal conductivity and on the rate of heat 
flow per unit area. The maximum temperature difference 
to cause fracture is given by: 
6T = R•S (7) 
4. Constant Rate of Heating or Cooling 
When a furnace is heated or cooled at a constant 
rate, the effective value of h changes with temperature. 
The maximum rate of temperature change without fracture is 
given by: 
where R'' = cr(l-v)a 
Ea 
5. Radiant Heating or Cooling4 
(8) 
The maximum temperature achieved by direct radiation 
to which a body of density p and strength s can be 
subjected is: 
( 9) 
The above equations give a numerical value relating to the 
severity of the thermal shock that can be withstood without 
initiation of cracking. Most studies up to the most recent 
have been concerned with deriving thermal stress resistance 
and calculating a resistance parameter R from selected 
measured physical properties. 
B. Effect of Microstructure on AT 
max 
6. 
Most observers have attempted to improve the thermal 
stress resistance of a material by adjusting its properties. 
With a given material, the mechanical properties are most 
easily adjusted by microstructural changes (porosity, 
grain size) • Of the variables involved in calculating 
thermal stress failure resistance, only strength, thermal 
conductivity and Young's Modulus are sensitive to micro-
structural changes. 
A major microstructural feature aspect affecting many 
physical properties of a ceramic material includes the size, 
concentration, and shape of the pore spaces. Investi-
gations of the effect of porosity on physical properties 
have indicated trends which can be related to porosity 
changes. However, most previous correlations of porosity 
with physical properties have been obtained with samples 
prepared by variations in firing or composition. 
Early studies of thermal stress resistance of porous 
materials were concerned with fire clay materials. 
Schurecht5 has reported that the best thermal stress 
resistance was obtained in the range of 15 to 28% porosity 
when porosity changes were due to firing variations. 
It is difficult to interpret these results in terms of 
porosity since other microstructural changes occurred. 
Parmelee and Westmann6 observed that the ratio of the 
7. 
strength prior to shocking to the strength after shock was 
maximized at lower porosities. 
Bartch7 investigated the effect of grain size, 
porosity, and firing temperature on the thermal stress 
failure resistance. After thermal shocking, dense samples 
had decreased in strength by a larger degree than porous 
specimens. Kondo and Yoshida8 ' 9 found lower porosity 
improved thermal shock resistance when porosity was due to 
changes in forming pressure. 
Shofield, Lynch, and Duckworth10 induced porosity 
in sintered alumina by incorporating a nylon addition. 
Strength decreases after ten cyclic shocks between 750°, 
1000°, and 1200°C and room temperature were reported. 
For the 750°C and 1000°C cyclic shock, the same strength 
decrease was found over the entire porosity range. For 
the 1200°C shock, the strength decrease upon cyclic 
shocking was largest for the dense samples. 
The results of these studies cannot be interpreted 
solely in terms of porosity. In all cases, other micro-
structural aspects such as grain size, pore size and shape, 
glass content, and composition were changed in addition 
to porosity. 
Kingery and Coble11 prepared controlled porosity 
samples by incorporating naphthalene flakes into an alumina 
slip. The porosity range investigated was 4 to 50%; 
pore size was reported uniform. Samples were prepared 
and fired under identical conditions so that other 
8 . 
microstructural changes would be minimized. Thermal stress 
resistance (R) decreased with increasing porosity. The 
resistance for a sample with 50% porosity is about one-
third that of dense samples. R' decreased more rapidly 
than R since the thermal conductivity is profoundly 
influenced by porosity. 
The above method, it is recalled, gives an estimate 
of the temperature difference required to produce cracking; 
it does not consider the amount of damage sustained by 
the body prior to total failure. 
C. Thermal Stress Damage 
12 Using a fracture energy approach, Hasselman 
proposed a theory that treats strength degradation and 
crack propagation in brittle, thermally shocked ceramics. 
In such events, the energy stored in the body is consumed 
in crack initiation and propagation. 
The stored elastic energy at fracture for a spherical 
body (radius b) with a parabolic temperature distribution 
has been derived by Hasselman to be: 
w = 
3 2 4rrb st (1-v) 
(10) 
7E 
The energy is proportional to the volume, and also to 
the term: 
(11) 
where st = tensile strength 
9. 
for any shape or type of thermal shock. 
Griffith13 has stated that a crack will start to 
propagate and continue to propagate when the energy 
released from the stress field around the crack is equal 
to or greater than the energy necessary to supply the 
effective surface energy, yeff. The effective surface 
energy consists of contributions from the following sources: 
1. thermodynamic free energy 
2. energy dissipated by anelastic deformation at 
the tip of the crack 
3. energy dissipated by plastic deformation. 
The actual magnitude of these various forms of energy 
depend on the type of material, surface roughness, and 
temperature. 
By equating the total surface energy required for 
the propagation of the cracks to the elastic energy 
stored at fracture, the mean area over which N cracks will 
propagate for a sphere is given by: 
A = 
2 3 2TISt (1-v)b 
(12) 
7NEyeff 
The maximum thermal shock damage resistance will 
occur when the area over which the cracks propagate is 
minimized. In order to reduce the area of cracking, 
low values of strength and high values of Poisson's ratio, 
Young's Modulus, and effective surface energy are required. 
The more cracks that are propagated the lower the damage. 
10. 
Along these lines two thermal shock damage parameters 
R' 11 and R' 1 ' 1 can be introduced 
R' I I = E R' ''' = 
Eyeff (13,14) 
st2 (1-v) st2 (1-v) 
R 1 1 1 can be used to compare the damage in materials 
with the same value of yeff. R'' 1 ' can be applied to 
compare damage of materials with widely different values 
of yeff. At this point a discrepancy appears between 
the two methods. The parameters which give high thermal 
shock damage resistance have low thermal failure 
resistance. 
The total energy per unit volume is the sum of 
the elastic energy and the fracture energy. 14 
A crack will become stable when the rate of change of 
(15) 




From the above two equations, Hasselman has derived an 
equation describing crack stability as a function of 
crack length and temperature difference. The critical 
( 16) 
temperature difference with increasing crack length passes 
through a minimum, as shown in Figure 1. 
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Figure 1. Path of Crack Growth versus Temperature 




of 1 0 , the crack will be stable until ~Tc is reached. When 
6Tc is slightly exceeded, cracks will propagate until the 
half length reaches the dotted line. Due to the kinetic 
energy of propagation, the crack length passes the 
stability line to the dotted line where all the kinetic 
energy has been arrested. The cracks are then stable 
until ~T' is reached at which time they continue to 
c 
propagate. 
Hasselman has expressed his thermal shock theory 
graphically with a strength versus temperature differ-
entia! plot. In the first region, up to ~Tc' the energy 
stored is not sufficient for crack propagation. When 
~T is attained, the crack size increases discontinuously; 
c 
therefore, the strength decreases discontinuously. 
Between ~Tc and ~T~, the cracks are stable and do not 
propagate. Finally, after ~T' is surpassed, the strength c 
gradually decreases. When the initial crack length is 
to the right of the minimum in the crack stability curve, 
the strength decreases gradually. 
The strength behavior as proposed by Hasselman has 
15 been verified by Ainsworth and Moore, Davidge and 
. 16 d 1 17 f 1 . Tapp1n, an Hasse man or a um1na. 18 Gupta has 
reportedly verified Hasselman's prediction with data on 
the strength of thermally shocked alumina of varied grain 
size. Strength decreased discontinuously in his alumina 
samples of 10, 34 and 40 micron mean grain size. In 
the 85 micron sample, wherein the crack length was 
greater than 1,000 microns, the strength decreased 
gradually. 
Ainsworth and Moore have reported crack densities 
in thermally shocked alumina. Crack density increased 
as the temperature of the shock increased. Gupta has 
reported crack density in thermally shocked alumina of 
varied grain size. For the 200°C shock samples, the 
13. 
cracks per cm2 increased from 60 for the 10 micron material 
to 230 for 85 microns. 
D. Methods of Thermal Shock Testing 
A large variety of thermal stress tests have been 
employed in the past. Temperature gradients have been 
established by cyclic heating and cooling, by single 
rapid heating or cooling, and by the establishment of 
steady-state thermal stresses. Thermal stress resistance 
has been measured by loss of weight, decrease in strength, 
and decrease in electric properties. 
Quenching media are commonly used in thermal shock 
testing. Crandall and Ging19 used Hitec heat transfer 
salt as a media for heating shocks. By removing the 
samples from the salt to an ice bath, cooling shocks were 
also obtained. Cyclic shocks can be obtained in the same 
manner. 
III. PROCEDURE 
A. Preparation of Specimen 
1. Materials 
The material selected for this study was a fine 
grained, 99.9% pure alumina supplied by Alcoa. Chemical 
analysis of this material is given in Appendix A. 
Pores were created through the incorporation of 
organic material into the alumina ceramic. Three basic 
geometrical shapes, spherical, cylindrical, and two 
dimensional (flake or layered), were selected for the 
incorporated pores. 
14. 
Polystyrene - 2% divinylbenzene spheres were supplied 
by Particle Information Service. The diameters of the 
spheres ranged from 40 to 100 microns. A photomicrograph 
of a typical sphere is shown in Figure 2. 
Wood fiber cylinders were supplied by Brown Company. 
The cylinders were 50 microns in length by 12 microns in 
diameter on the average. A photomicrograph of a typical 
cylinder is shown in Figure 3. 
Pentalyn flakes were supplied by the Hercules Chemical 
Company. Pentalyn is a pentraerythritol ester of refined 
rosin. The material supplied was ball milled and sieved 
on Tyler screens until the larger dimensions were between 
100 and 40 microns. Due to the nature of the organic 
material, the ball-milled material retained its original 
geometry. A photomicrograph of a typical flake is shown 
Figure 2. Photomicrograph of Spherical Pore 
Material, 1500 X. 
15. 
Figure 3. Photomicrograph of Cylindrical Pore 
Material, 1500 X. 
16. 
in Figure 4. 
2. Body Preparation and Forming Method 
All sample batches were compounded on a volume 
percent basis. Each batch consisted of five liters of 
alumina-organic material. In order to achieve a homo-
geneous distribution of organic material, the following 
mixing procedure was followed. First, the desired ·pore 
volume for a batch was mixed for 12 hours with an equal 
volume of alumina. The pore-alumina mixture was then 
added to the remainder of the alumina batch. The 
materials were then tumbled dry for 24 hours to ensure 
a homogeneous mixture. Samples were made by pre-forming 
the mixture into a cylindrical rubber mold one inch in 
diameter by six inches in length. The molds were sealed 
and the air evacuated. The pre-formed cylinders were 
isostatically pressed at 7500 psi. After pressing, the 
samples were heated to 1200°C in order to burn out the 
fugative material and to gain sample strength. The 
strengthened samples were then centerless ground to 
17. 
form near perfect cylinders of 0.47±.02 inch diameter 
after firing. Finally the samples were fired at 1540°C 
for one hour. A Pt - Pt 10% Rh thermocouple was used to 
ensure correct firing temperature for the numerous batches. 
Induced cylindrical porosity levels of 0, 0.1, 1 
3, and 5 volume percent were introduced. Only the one 
percent level was induced using the spherical and flake-
shaped materials. As measured from fired specimens, the 
18. 
Figure 4. Photomicrograph of Two-Dimensional Pore 
Material, 1500 X. 
19. 
specific gravity of the nonporous samples was 3.938±0.002 
gm/cc. The specific gravity was determined by the 
water inunersion method. Specific gravities of the 
samples are listed in Table I. With the exception of 
the specific gravity of one percent spherical porosity 
specimens, all experimentally measured specific gravities 
agree with the expected values. Apparently, an incorrect 
polystyrene specific gravity was used as the pore volume 
was measured at 3.5%. Photomicrographs, taken of thermally 
etched specimens, show that the pore-matrix developed was 
homogeneous (i.E., no clumping of the pore material had 
occurred). Photographs of the pore-matrix for each 
porosity level are shown in Figures 5, 6, 7, and 8. 
After firing, the pores retain the geometry of the 
original fugative material. 
Grain size was calculated from photomicrographs 
according to the line intercept method of Fullman. 18 
Grain size of the various samples was not affected by the 
different additions. Average grain size was calculated 
at 2.0±0.1 microns. Photomicrographs of the grain structure 
of different porosity levels are shown in Figures 9, 10, 
11, and 12. Photomicrographs were taken with a SEM and a 
Bausch and Lomb research metallograph. 
B. Cooling Thermal Shock Techniques 
Five test specimens of each porosity level were 
placed in a Harrop, Kanthal-heated, box furnace along 
NO ADDITION 
0.1% CYLINDRICAL POROSITY 
Figure 5. Pore Matrix of Alumina Containing 
0.0 and 0.1% Cylindrical Induced 
Porosity, 100 X. 
20. 
1% CYLINDRICAL POROSITY 
1% TWO-DIMENSIONAL POROSITY 
Figure 6 • Pore Matrix of Alumina Containing 
1% Cylindrical and 1% Two-Dimensional 
Induced Porosity, lOOX. 
21. 
3% CYLINDRICAL POROSITY 
3.5% SPHERICAL POROSITY 
Figure 7. Pore Matrix of Alumina Containing 
3% Cylindrical and 3.5% Spherical 
Induced Porosity, 100 X. 
22. 
5% CYLINDRICAL POROSITY 
Figure 8 • Pore Matrix of Alumina Containing 




0.1% CYLINDRICAL POROSITY 
Figure 9. Grain Structure of Alumina Containing 
0.0 and 0.1% Induced Porosity, 4330 x. 
24. 
1% CYLINDRICAL POROSITY 
1% TWO-DIMENSIONAL POROSITY 
Figure 10· Grain Structure of Alumina Containing 
1% Cylindrical and 1% Two-Dimensional 
Induced Porosity, 4330 X. 
25. 
3% CYLINDRICAL POROSITY 
3.5% SPHERICAL POROSITY 
Figure 11. Grain Structure of Alumina Containing 
3% Cylindrical and 3.5% Spherical 
Induced Porosity, 4330 X. 
26. 
5% CYLINDRICAL POROSITY 
Figure 12. Grain Structure of Alumina Containing 





Specific Gravity of Aluminas 
Induced Porosity SEecific Gravity ± 0.002 
0 3.939 
0.1 cylindrical 3.923 
1.0 cylindrical 3.895 
1.0 flake 3.895 
3.0 cylindrical 3.836 
3.5 spherical 3.803 
5.0 cylindrical 3.760 
29. 
with a container of Hitec heat transfer salt. The 
furnace was then heated to a selected temperature between 
150°C and 400°C. Upon reaching temperature, one set of 
specimens was placed into the salt bath to ensure the 
same heat flux to all specimens. A chromel-alumel 
thermocouple was used to check the temperature of the 
salt bath. The samples were soaked in the salt bath 
for one-half hour so that the thermal equilibrium 
was obtained. The specimens were then quickly removed 
from the salt bath and immersed into an ice bath. The 
procedure was repeated until all seven porosity levels 
were shocked. After cooling, all samples were completely 
dried at 93°C for 24 hours prior to strength testing. 
The temperature differences to which the test specimens 
were subjected were believed accurate to 5°C. 
C. Strength Determination 
A four-point bending jig was used to determine 
the bend strengths of the shocked samples. The span 
of maximum tension was one inch, while the overall length 
was two inches. Bend strengths for the circular bars 
were calculated from the relation: 
a = (1 7) 
where P = applied load 
D = diameter • 
An Instron testing machine with lowest scale range 
of 2000 pounds and two pound scale divisions was used in 
conjunction with the jig. The crosshead loading speed 
for all samples was constant at 0.004 inch/minute. 
D. Surface Decoration Techniques 
A count was made of the number of cracks along 
the length of the shocked cylindrical specimens prior to 
strength testing. By immersing the bars in carfusin 
dye, the cracks were easily visible. The excess dye was 
removed by immersing the sample in acetone. The dye 
penetrated the samples at crack interfaces, thus leaving 
a distinct pattern on the surface. 
Counts were made of the number of cracks that 
crossed a line the length of the sample. Three lines 
were drawn on each sample, and three counts were made 
of the number of intersecting cracks on each line. In 
the samples that were subjected to more severe shocks, 
a hand lens was used to help distinguish cracks. In 
the 3.5% and 5% porosity samples, the cracks were not 
visible after dying. 
30. 
Inasmuch as the dye penetrated the depth of the 
cracks, it was also possible to obtain a measure of the 
crack penetration as a function of the severity of the 
shock. For this purpose, sections were cut out of the 
dyed bars. Crack depths were then measured with a vernier 
caliper to the nearest 0.01 inch. 
IV. RESULTS 
A. Strength of Thermally Shocked Cylinders 
1. Non-Porous Samples 
31. 
The strength and strength dispersion for the plain, 
non-porous alumina samples as a function of thermal 
shock temperature difference is plotted in Figures 13 
and 14 respectively. The data are given in tabular form 
in Table II. No strength decrease was noted after the 
165°C shock; however, 40% of the samples showed a 
significant strength decrease after a 175°C shock. As 
the ~Twas increased from 175°C, the strength remained 
constant at the reduced value, then gradually decreased. 
Strength dispersion of the plain samples decreased 
from the room temperature value to the 165°C ~T value. 
Samples shocked at 175°C, the temperature differential 
where the strength first decreased, showed an appreciable 
increase in standard deviation. The dispersion remained 
large on the 200°C ~T specimens. With increasing shock 
severity above 200°C, the standard deviation decreased. 
2. 0.1% Cylindrical Porosity Samples 
The strength and standard deviation of the 0.1% 
cylindical porosity as a function of temperature differ-
ential are given in Figures 15 and 16 respectively. The 
strength curve has the same shape as for the non-porous 
strength plot. No strength decrease is observed in the 
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Figure 14. Strength Dispersion of Al 2o3 Specimens Containing 0.0% Induced Porosity w 
as a Function of Temperature Difference. w 
I 
TABLE II 
STRENGTH DATA OF THERMALLY SHOCKED ALUMINA 
QUENCHING TEMPERATURE °C 
R.T. 150 165 175 175 200 225 260 300 400 
Damaged Total 
Plain Alumina 
Avg. Strength 34,918 32,229 39,339 9,175 20,414 8,856 8,543 7,016 3,907 1,857 
No. Specimens 10 5 3 2 5 5 4 4 3 4 
Std. Deviation 6,205 3,384 1,937 1,566 11,168 6,211 2,305 698 574 375 
0.1% Cyl. Alumina 
Avg. Strength 29,918 29,699 27,350 10,990 9,451 10,596 9,005 9,823 5,923 
No. Specimens 7 4 4 5 5 4 4 4 4 
Std. Deviation 2,949 2,185 7,749 3,144 1,970 943 2,522 2,749 597 
1% Cyl. Alumina 
Avg. Strength 26,939 25,182 12,442 9,533 10,834 12,004 8,813 
No. Specimens 7 3 5 5 4 4 4 
Std. Deviation 2,136 1,064 2,673 2,767 1,346 1,674 
1% Flake Alumina 
Avg. Strength 23,590 23,543 22,456 13,194 15,548 9,985 11,795 10,284 11,225 7,728 
No. Specimens 6 5 3 4 5 4 4 4 4 4 
Std. Deviation 3,634 3,025 1,475 1,618 5,446 1,685 1,923 2,204 2,401 622 w 
~ 












TABLE II CONT'D 
STRENGTH DATA OF THERMALLY SHOCKED ALUMINAS 
QUENCHING TEMPERATURE °C 
R.T. 150 165 175 185 200 225 260 300 400 
16,704 16,996 18,540 16,881 14,152 11,944 11,299 13,473 11,413 
7 5 5 4 5 3 4 4 4 
2,842 1,577 2,339 3,028 1,589 823 1,353 2,035 3,317 
21,130 20,554 19,447 9,259 12,478 9,418 12,236 
5 5 5 5 2 1 3 
2,667 2,228 1,999 826 102 660 
13,860 14,335 15,600 12,969 12,356 12,026 9,972 9,659 
7 5 5 5 4 4 4 4 
2,478 2,384 2,686 2,405 929 1,150 3,333 
w 
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Figure 15. Strength of Al 2o3 Specimens with 0.1% Induced Cylindrical Porosity 
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shocked samples were decreased in strength. The strength 
remained constant at this value until a temperature 
difference of 225°C was attained. As the severity of 
thermal shock was increased above 225°C ~T, the strength 
decreased gradually. 
The standard deviation of the 0.1% cylindrical 
samples decreased from the room temperature value to 
the 150°C value. A sharp increase in the standard 
deviation curve was noted at the 175°C ~T data point. 
A broad peak in the dispersion curve was observed over the 
temperature differential range from 225°C to 400°C. 
3. 1% Cylindrical Porosity Samples 
Figures 17 and 18 show the strength and standard 
deviation of the 1% cylindrical porosity alumina samples 
as a function of the severity of thermal shock. The 
strength of the shocked samples remained constant through 
the 150°C ~T specimens. All the 175°C thermally shocked 
samples were drastically reduced in strength. Above 
175°C, the strength remained constant until a temperature 
differential of 260°C was surpassed. A sharp increase 
in the dispersion curve was observed between 175°C 
and 200°C ~T. 
4. 1% Flake Porosity Samples 
The strength and standard deviation of the 1% 
flake porosity as a function of thermal shock temperature 
difference are given in Figures 19 and 20. The first 
strength decrease was observed in the 175°C shocked 
351-
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Figure 17. Strength of Al 2o3 Specimens with 1% Induced Cylindrical Porosity 
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Figure 19. Strength of Al 2o3 Specimens with 1% Induced Two Dimensional Porosity 
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Figure 20. Strength Dispersion of Al 2o3 Specimens Containing 1% Induced Two Dimensional Porosity as a Function of Temperature Difference. M:::oo tv 
samples. 80% of the samples subjected to a shock of 
175°C showed a strength decrease. The strength of the 
samples subjected to ~T's between 175°C and 300°C 
remained constant. A sharp peak was observed in the 
standard deviation at 175°C ~T; an extended standard 
deviation increase occurred in the ~T range from 200°C 
to 400°C. 
5Q 3% Cylindrical Porosity Samples 
The strength and strength dispersion for the 3% 
cylindrical porosity, alumina samples as a function of 
the severity of the thermal shock are presented in 
Figures 21 and 22. The strength remained constant 
through the 200°C ~T; however, all samples subjected 
to a thermal shock of 225°C were decreased in strength. 
The standard deviation for the 3% cylindrical porosity 
specimens behaved similar to the standard deviation of 
the other induced porosity samples. A dispersion peak 
is observed at 175°C ~T; a broad dispersion peak is 
noted over the ~T range from 250°C to 300°C ~T. 
6. 3.5% Spherical Porosity Samples 
43. 
Figures 23 and 24 show the strength and strength 
dispersion for 3.5% spherical porosity samples as a 
function of temperature difference. Samples shocked at 
175°C showed no strength decrease from the room temperature 
value. All samples shocked at 200°C were decreased in 
strength. 
The dispersion curve for the 3.5% porosity showed 
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Figure 21. Strength of Al 2o3 Specimens with 3% Induced Cylindrical Porosity 
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Figure 22. Strength Dispersion of Al 2o3 Specimens Containing 3% Induced Cylindrical Porosity as a Function of Temperature Difference. ~ U1 
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Figure 23. Strength of Al 2o3 Specimens with 3.5% Induced Spherical Porosity 
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a different behavior from that of the other induced 
porosity levels. The standard deviation remained constant 
through 175°C ~T, then decreased in value. No peak 
was observed. 
7. 5% Cylindrical Porosity Samples 
The strength and standard deviation for the 5% 
cylindrical porosity samples as a function of thermal 
shock temperature are given in Figures 25 and 26. The 
strength behavior is similar to that of the 3.5% porosity 
samples. The strength remained constant through a 200°C ~T. 
The 225°C ~T shock resulted in slightly decreased strength 
values. The dispersion showed similar behavior to that 
of the 3.5% level samples in that the standard deviation 
remained constant to 200°C ~T, then decreased. 
B. Crack Densities in Thermally Shocked Cylinders 
The density of cracks occurring on surfaces of 
the different alumina specimens as a function of 
temperature difference are depicted graphically in Figures 
27, 28, 29, 30, and 31. The crack density data are 
presented in tabular form in Table III. Cracks were not 
visible in the 3.5% spherical and 5% cylindrical 
porosity samples. The crack density significantly 
increased from 175°C ~T to 400°C ~T in all porosity 
level samples. Cracks were first observed in the 3% 
cylindrical samples after a ~T of 185°C. In general for 





































Figure 25. Strength of Al 2o3 Specimens with 5% Induced Cylindrical Porosity 
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Figure 31. Crack Density in Al 2o3 Specimens with 3% Induced Cylindrical Porosity as a Function of 
Quenching Temperature. 
TABLE III 
Crack Density In Thermally Shocked Aluminas 
Temperature Difference 
oc 
165 175 185 200 225 260 300 400 
Plain 
CRK. Density 0 0.7 1.7 2.7 7.1 11.0 25.2 
Number 3 5 5 3 4 3 4 
0.1% Cy1. 
CRK. Density 0.2 0.8 1.8 6.9 10.8 15.7 26.3 
Number 4 5 5 4 4 4 4 
1% Cyl. 
CRK. Density 0.7 2.5 5.4 8.6 11.5 
Number 5 4 4 4 3 
1% Flake 
CRK. Density 0.3 0.7 2.8 5.7 9.0 13.4 26.9 
Number 5 5 5 4 4 3 3 
-
3% Cy1. 
CRK. Density 0 1.7 2.7 7.5 10.2 15.5 28.2 




c. Crack Depth 
Figures 32, 33, 34, 35 and 36 show plots of the 
radial crack depths as a function of shock temperature 
difference. The data are presented in Table IV. 
In all cases, crack depth decreased at 200°C, and 
remained constant up to 250°C. Crack depth increased 
as the severity of the shock increased from 260°C 
to 400°C ~T. For a given ~T, the crack depth 
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Figure 32. Crack Depths in Al 2o3 Specimens with 0.0% Induced Porosity as a Function of Quench1ng Temperature. 
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Figure 36. Crack Depths in Al 2o3 Specimens with 3% Induced Cylindrical Porosity 
as a Function of Quenching Temperature. 0'\ N 
. 
TABLE IV 
Crack Depth In Thermally Shocked Aluminas 
Temperature Difference 
oc 
175 200 225 260 300 400 . 
Plain 
Crack Depth 0.16 0.20 0.12 0.11 0.11 0.15 
Number Observed 3 3 3 3 3 3 
0.1% Cy1. 
Crack Depth 0.18 0.10 0.10 0.09 0.10 0.11 
Number Observed 3 3 3 3 3 3 
-
1% Cyl. 
Crack Depth 0.19 0.11 0.11 0.11 0.13 
Number Observed 3 3 3 3 3 
-
1% Flake 
Crack Depth 0.17 0.10 0.10 0.09 0.10 0.12 
Number Observed 3 3 3 3 3 3 
-
3% Cy1. 
Crack Depth 0 0 0.06 0.06 0.07 0.10 




A. Strength and Standard Deviation 
1. General Strength Behavior 
64. 
The strength behavior of all the aluminas studied 
agreed with that predicted in reference 14. The strength 
of the shocked samples was not reduced until the critical 
temperature was attained. A discontinuous strength 
decrease occurred at the critical temperature. With a 
further increase in quenching temperature, the strength 
remained constant at the reduced value and then gradually 
decreased. 
As the porosity increased, the ratio of the strength 
after shocking to the unshocked strength or the fractional 
strength retained increased; therefore, in the more 
porous samples, the strength decrease upon shocking is 
relatively slight as shown in previous figures. For 
example, the 5% cylindrical porosity specimens were 
decreased in strength by only 1,200 psi. Nonetheless, 
the strength decrease was thought discontinuous. 
2. The Critical Temperature 
The strength curve in Figure 14 for the plain alumina 
shows that damage is initiated between 165°C and 
175°C ~T. Forty percent of all the specimens subjected 
to a temperature difference of 175°C were decreased in 
strength; all of the samples were decreased in strength 
after a 200°C ~T. This critical temperature range agrees 
65. 
with the values reported in the literature. 15 ,lG,lB All 
of the 0.1% cylindrical porosity samples subjected to a 
temperature difference of 175°C were decreased in strength; 
none were decreased after a 165°C thermal shock. For the 
one percent cylindrical porosity specimens, all samples 
were decreased in strength after a 175°C temperature 
difference. Eighty percent of the one percent flake 
porosity samples were shocked at 175°C ~T. The three 
percent cylindrical porosity samples remained strong through 
a l85°C temperature differential. Samples of the same 
subjected to a thermal shock of 200°C were slightly 
decreased in strength. The strength first decreased at 
200°C ~T for the 3.5% spherical and 5% cylindrical porosity 
samples. 
Systematic changes in critical temperature related 
to porosity were slight. Kingery11 has reported that the 
effect of porosity on strength and Young's Modulus should 
reduce the strain at fracture (the ratio of o/E). 
Accordingly, the thermal shock failure theory predicts 
that the ~T required to initiate fracture should decrease 
with porosity. The present experimental data does not 
detect a significant difference in the critical temperature. 
In the larger pore fraction samples, the critical 
temperature may be slightly elevated. 
3. Fractional Strength Retained After Shocking 
The strengths of the aluminas after thermal shock 
decreased with increasing initial strength. Hasselman21 
has derived a functional relation of the strength before 





where G1 = Surface fracture energy per unit area corres-
ponding to the thermal shock environment 
G2 = Surface fracture energy which corresponds to 
the environment of the strength test 
r = Radius of bar 
N = Number of cracks on surface. 
s 
The derivation depends upon the assumption that the 
Griffith criteria is valid for large densities of cracks 
in a uniform stress, and on the absence of crack 
interaction. Previous investigators have attempted to 
use the above equation to predict the strength after 
thermal shock; however, the agreement with experimental 
strength values has been only fair since the value of 
mechanical properties under shock conditions are not 
generally known. 
Equation 18 can be rearranged to relate the fractional 







Figure 37 confirms that the strength behavior follows 
this predicted behavior. The linear relation is valid 
Up to St-
3/ 2 = 4xl0-7 psl.·- 31 2 • Ab th' · t th ove 1s po1.n , e 
fractional strength deviates in a negative manner from the 
linear relation. 
The fractional strength retained after thermal shock 
(Fa) is plotted in Figure 38 as a function of cylindrical 
pore fraction, P. The relation between Fa and P is 
linear. The strength degradation becomes less abrupt or 
discontinuous as the pore volume increases. As the 
strength retention approaches 1, the fractional strength 
retained deviates from the linear plot as shown by the 
behavior of 5% cylindrical porosity samples. A similar 
linear plot of F versus grain size was recently published 
a 
by Gupta. 22 The linear relation is valid up to a grain 
size of approximately 75 microns where Fa = 1. For samples 
with grain size larger than 75 microns, the strength 
retention deviates negatively from the linear plot. Gupta 
has postulated that when Fa approaches 1, the strength 
degradation changes from instantaneous to gradual. This 
approach would suggest that the strength decrease 
observed for the 5% cylindrical porosity samples, for 
which Fa = 0.93, is gradual. 
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Figure 38. Fractional Strength Retained After Shocking as a Function of 





where G = Fracture energy 
E =Young's Modulus 
K = A constant which includes a numerical constant, 
the crack density, and the bar radius. 
The surface fracture energy has only very slight porosity 
dependence; therefore, it may be assumed constant. For 
low values of porosity, Hasselman23 has shown that both 
Young's Modulus and tensile strength can be written as 
linear functions of porosity: 




= Strength of nonporous material 
E = Young's Modulus of nonporous material 
0 
As & Am = Constant. 
The above equation can be substituted into Equation 20 
yielding: 
sa 
-s = Kl 
t 
[E (1-A P)] 3/ 4 o m [S (1 -A P)] - 3/ 2 0 s 
When the pore fraction is small as in the present 
experiment, the binomial series allows the following 
approximations: 
K. E 3/4S -3/2 






Therefore, the fractional strength retained after shocking 
should be a linear function of pore fraction as shown 
experimentally. The model will hold up to 2% porosity 
where the mechanical properties deviate from the linear 
. . 24 
approx1mat1ons. 
The above equations as derived by Hasselman are 
dependent upon a number of assumptions that may not hold 
under certain shock conditions. The underlying 
assumption was a uniform triaxial stress whereas the 
stress is actually a transient gradient. The crack 
stability curve and the fractional strength relation were 
derived assuming an absence of crack interaction, the 
validity of the Griffith criteria, and a fixed crack 
density (N). The effect of porosity is to increase the 
surface crack density, and at the same time pores serve 
to dissipate energy. The Griffith criterion is most likely 
not valid for large crack densities as it is in turn based 
on the usual assumptions of isotropy and homogeneity. 
For large crack densities, the assumption that cracks 
do not interact is not valid; even the basic elastic 
equations may not hold for materials with a large density 
of cracks. From the preceeding figures, it appears that 
Hasselman's theory is not valid for porosities larger 
than 3%. 
4. Standard Deviation 
Trends in the standard deviation prove to be 
interesting. In the plain alumina samples, a large 
increase in the standard deviation is observed at the 
temperature where the strength first decreased. As more 
severe shocks were imposed, the standard deviation 
decreased. In the samples containing lower induced 
porosity, a large sharp increase was also noted in the 
standard deviation at the critical temperature. A broad 
standard deviation rise is observed over the ~T range 
The final gradual strength decrease 
occurred in this same temperature interval. In the 0.1, 
1, 1 flake, and 3% porosity samples the two standard 
deviation peaks occur at the same ~T's. The 3.5% 
spherical porosity and 5% cylindrical porosity standard 
deviations behave differently from those of the samples 
containing specimens of lower porosities. In these 
porosity samples, the standard deviation remained 
constant for strength measurements through the 175°C 
thermal shock. A slight increase in the dispersion was 
noted over the ~T range of 225°C to 300°C. 
Daniels25 has induced artifical flaws along the 
length of porcelain bars. The flaws were oriented 
perpendicular to the direction of maximum stress. When 
the flaws were introduced, an immediate decrease in 
d . hl5 h standard deviation was observe . A1nswort as 
72. 
noted an increase in standard deviation in bars containing 
a random thermal shock crack pattern. Ainsworth has 
explained the difference in standard deviation behavior 
to the difference in flaw orientation. A flaw 
orientated perpendicular to the direction of applied 
stress is more damaging than a flaw oriented parallel 
to the stress. When a bar was stressed after thermal 
shocking, failure occurred at a point previously damaged 
by the thermal shock. When the crack densities are low 
as in the 175°C ~T samples, the cracks are randomly' 
oriented -- a major deviation from Daniel's work. As 
73. 
the severity of the shock increases, a network of closely 
spaced cracks develops. When a stress is applied to the 
bars, fracture occurs at a flaw, composed of part of the 
crack network, which is effectively oriented perpendicular 
to the applied stress; thus, conditions similar to Daniel's 
are approached. 
B. The Distribution and Amount of Cracking in Thermally 
Shocked Alumina 
For all porosity levels the average crack depth in 
the thermally shocked samples decreased from the initial 
value to the 200°C ~T value as shown in Figures 32, 33, 
34, 35, and 36; this value remained constant through 300°C, 
then gradually increased. For a given severity of thermal 
shock, the average crack depth decreased with increasing 
porosity. In the plain alumina samples subjected to 
400°C ~T, the cracks extended to the middle of the 
specimen. Ainsworth has shown there is only a slight 
difference between axial and radial crack depths. For 
all pore fractions, the crack density increased with 
74. 
increasing severity of thermal shock as shown in Figures 
27, 28, 29, 30, and 31; the crack density increased with 
increasing pore fraction for a given ~T, in some cases. 
In thermally shocked samples where cracks have just 
been initiated, a small number of cracks are propagated. 
Davidge and Tappin16 report for a thermal shock of 200°C 
that only one tenth of the available energy is used for 
crack propagation. As the thermal stresses increased 
with increasing severity of thermal shock, fracture is 
initiated at more flaws. Since more cracks are 
propagated from only slightly more energy, the average 
crack depth decreased. For more severe shocks where 
more cracks are propagated, the energy used approaches 
the value of the energy available; consequently, the 
average crack depth increases. 
26 Gupta has recently reported on the resistance to 
crack propagation of ceramics subjected to thermal shock. 
A high resistance to crack propagation (slow crack growth) 
occurs when the initial strength is low, and a low resist-
ance of crack propagation (rapid crack growth) occurred 
when the initial strength is high. It is proposed that 
this difference stems from the different energy dissipating 
mechanisms. In a high strength material, all the stored 
elastic energy at fracture is reportedly used in an 
unrestrained propagation of the major crack; whereas 
in the low strength specimens this energy is used in 
creating a multitude of microcracks in the highly stressed 
75. 
zone ahead of the crack. These microcracks are formed at 
the expense of the major crack, and crack propagation is 
thereby arrested. The theory is supported by thermal 
shock crack patterns in alumina and zirconia. The above 
suppositions are supported by the data on crack depths 
and crack density. However, the approach fails to take 
into account the importance of microstructure. 
When placed into a ceramic matrix, a pore acts as a 
stress concentrator. For an isolated spherical pore the 
stress is increased by a factor of 2. 27 When stressed, 
pores act to initiate fracture locally; therefore, they 
may be thought of as flaws or flaw activators. As the 
pore volume increases, the number of pores or the number 
of possible fracture sites on the specimen surface 
increases. For a given severity of thermal shock, more 
cracks are propagated for a porous sample than a nonporous 
one. 
Pores also act as crack arrestors. When the crack 
front arrives at a pore, the propagating energy wave is 
scattered, and the crack may be arrested. The ability 
of voids to arrest cracks is demonstrated by the crack 
depth data. As the pore volume increased, the crack 
depth drastically decreased while the crack density only 
slightly increased. 
These results have practical implications in 
designing with aluminas for thermal-shock applications. 
When fracture must be avoided, a material with high 
76. 
strength and thermal conductivity, and a low thermal 
expansion, Young's Modulus, and Poisson's ratio should be 
chosen. For severe thermal shock where fracture cannot 
be eliminated, materials should be chosen that maximize 
crack propagation. In Al 2o3 , this objective can be 
obtained by increasing the porosity resulting in increased 
strength after shock, and extended crack propagation after 
shocking. The present results suggest that excessive 
strength degradation can be avoided by processing alumina 
ceramics in a manner which would increase porosity. 
Pores may be formed in ceramic materials by either 
incomplete sintering or organic additions. Natural pores 
formed by incomplete sintering are either cylindrical or 
spherical depending on how complete the sintering. If 
pores are to be introduced by organic additions, the pores 
should be of the approximate size used in this work. They 
should be distributed homogeneously throughout the sample. 
Most ceramics require a useable strength after shocking; 
therefore, the amount of porosity that can be introduced 
is limited by the strength desired in the specific 
application. 
VI. SUMMARY AND CONCLUSION 
Thermal shock damage to alumina containing between 
0.0 and 5.0% induced porosity has been studied over the 
temperature differential range of l50°C to 400°C. 
77. 
Cooling shocks were imposed by quenching preheated 
specimens into ice water. Bend strength measurements 
were used to assess damage. At the critical temperature 
for fracture, the strength decreased. The strength 
retained after shocking was inversely proportional to the 
unshocked strength. The density of cracks on the surface 
of the bars increased with increasing shock severity or 
stored energy. Pores acted as stress concentrators 
causing the surface crack density to increase with 
increasing pore fraction. The depth of cracking in 
thermally shocked aluminas decreased with increasing 
porosity. 
The following · conclusions have been made from the 
work presented herein: 
1. For all the varied porosity samples, the 
strength remained constant up to the critical fracture 
temperature. At this temperature, a discontinuous 
decrease in strength was observed; this was followed 
by a region of near constant strength. Then a region 
of gradually decreasing strength was observed as the 
temperature differential was further increased. 
2. Stren~th after thermal shocking decreased with 
increasing initial strength; the fractional strength 
retained after shocking being proportional to St-31 2 • 
3. The average crack depth decreased with 
increasing pore fraction. 
4. The relation between the fractional strength 
retain~d after shocking to the pore fraction appears 
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IMPURITY ANALYSIS IN ALUMINA - WEIGHT PERCENT 
Sio2 0.031 
Fe2o 3 0.011 





Cr 2o 3 0.0002 






THE EFFECT OF POROSITY ON THE 
TENSILE STRENGTH OF ALUMINA 
A series of papers attempting to summarize and 
correlate the various strength porosity relationships 
for ceramics has appeared over the past years. An 
empirical relation suggested by Ryshkewitch1 approximates 






The strength of the nonporous . material 
n = Constant 
p = The pore fraction. 
Coble and Kingery 2 have measured the strength of porous 
polycrystalline alumina. Knudsen3 has shown that their 
results can be described in terms of Equation (1). 
4 5 Knudsen, Brown, and Hasselman have attempted to 
predict the effect of porosity on strength by estimating 
the decrease in load bearing area. Their approach fails 
to consider the concentration of stress around the pore. 
Hasselman and Fulrath6 suggested that the effect of 
porosity on strength is governed by the effect of the 
pore phase on the failure criterion of the Griffith 
flaws. It was hypothesized that strength is a function 
(1) 
of pore size relative to flaw size; stress concentrations 
affect strength only for a pore size of the order or 
greater than the flaw size. 
Carniglia7 has recently published a working model 
for porosity effects on uniaxial strength of ceramics. 
For polycrystalline materials most experimental uniaxial 
strength data can be represented by: 
85. 
cr = f (G) • F ( P) = ( cr 
00 
+ cr l G -l/ 2 ) • F ( P) {2) 
The theory gives for F(P): 
r aP log F(P) = L 4.606 
~ ~1/3 - 11 16 
- 1/2 log __!___]- S log 1-P 
where S = Pore shape factor 
a = Young's Modulus index from E = E exp(-aP). p 0 
For materials containing intragranular porosity, the 
quantity in the first bracket alone applies; in all 
(3) 
other cases the entire function applies. The pore shape 
factor, S, increases with increasing asymmetry for 
intergranular pores. In Coble and Kingery's data where 
the pores are very large and intergranular the value of S 
is approximately 2. Carniglia reports agreement between 
his theory and experimental data up to approximately 
50% porosity. 
86. 
This study was concerned with the room temperature 
strength of alumina containi~g between 0 and 5% induced 
porosity. Pores were formed by the incorporation of an 
organic material into an alumina ceramic. Pore forming 
materials consisted of polystyrene spheres 40 - 100 
microns in diameter, wood fibers 50 microns in length by 
12 microns diameter average, and pentalyn flakes 
40 - 100 microns. The exact forming procedure has been 
presented earlier in the text of this thesis. The 
pore matrix consisted of a homogeneous distribution of 
equisized, equishaped pores. The grain size remained 
constant at 2 microns for all pore concentration levels. 
Figure 39 illustrates the log strength versus pore 
fraction behavior. The behavior agrees with that 
proposed by Carniglia. In the pore region 0 to approxi-
mately 5%, the log strength versus pore fraction plot is 
curvilinear. In Figure 39, the plot is drawn through 
the cylindrical porosity data points. The strength of 
the one percent flake samples fell slightly below the 
curve; the strength of the 3.5% spherical samples fell 
slightly above the experimental curve. Carniglia has 
predicted that as the pore becomes more asymmetrical 
the slope of the log strength versus pore fraction curve 
should increase. The induced pores increased in 
asymmetry as the pore geometry changed from spherical 
to cylindrical to two dimensional; therefore, the 
87. 
strength of the spherical samples should be greater than 
the strength of the cylindrical samples which in turn 
should be greater than the strength of the two dimensional 
samples. The spherical and flake pore samples were only 
produced for one pore level and not the entire pore range 
as were the cylindrical samples; therefore, it is 
difficult to assess the effect of pore shape on strength. 
The slight differences in strength for the spherical 
and flake sample data from the cylindrical pore strength 
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